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Abstract 
Sustainable development of urban areas has been a hot topic of ecosystem management research for years. Based on the account 
of the extended exergy utilization in the society of Beijing, which is considered as the composition of extraction (Ex), conversion 
(Co), agriculture (Ag), industry (In), transportation (Tr), tertiary (Te) and households (Do) sectors, an urban metabolism network 
models are constructed to gain insights into the metabolic processes that orient to sustainable urban development. The results 
showed that a great deal of energy and resources have to be consumed to maintain the structure and function of a city. The social 
system in Beijing is a highly competitive network, and there are 8 competitive relations and only two mutualistic ones. The Do- 
and Ag-sector are the major controlling factors of the system. Do- and In-sector have the larger environmental burden. The 
conclusions indicate that the exergy-based network analysis can be refined to become an integrative tool for evaluation, policy-
making and regulation for ecosystem management concerning structure and efficiency at urban levels. 
 
© 2010 Published by Elsevier Ltd. 
 
Keywords: Extended exergy analysis; Network analysis; Urban ecosystem 
 
* Corresponding author. Tel.: +8610 58807596; fax: +8610 58807596. 
E-mail address: zfyang@bnu.edu.cn (Zhifeng Yang). 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
244 Gengyuan Liu et al. / Procedia Environmental Sciences 2 (2010) 243–251
1. Introduction 
Research on urban metabolism is a complex decision-making process having a direct impact on human health 
and the environment both locally and globally. The paradigm of urban metabolism has been formulated in an 
attempt to focus thinking towards a balanced co-evolution of the economic, physical and social environments while 
living within the carrying limits of the supporting ecosystems [1]. Since the mid-1980s, a lot of experts and scholars 
also have carried out thorough and meticulous researches into the operation of an urban metabolic process. However, 
the main urban metabolism study fields have been focused on urban industrial material metabolism [2-5], urban 
household material metabolism [6-8], and the metabolic fluxes of single elements and on ‘nutrition’ with respect to 
that element, while analysis of metabolic structure and functioning are seldom mentioned [5,9]. 
No satisfactory tool was available to measure the system function objectively until the adaptation of network 
analysis to natural systems. One of the popular ways of representing the activities taking place in an ecosystem is to 
depict them as networks of flows of material and/or energy. The process which began with the quantitative analysis 
of interconnections pioneered by Leontief (1941) as input–output (I–O) analysis and then has also been applied to 
study energy flows in the economic system [10-12]. Network analysis affords an ecosystem researcher or manager 
several new avenues for extracting heretofore unavailable information about the flows of material or energy in the 
ecosystem [13]. More ecological network properties such as cyclic pathways, link density and connection have 
revealed new patterns and insights [14,15]. Structural analysis of ecological food webs has received considerable 
attention of late [16,17]. It can provide a reference in urban economic scale for gaining insight into the structure and 
functioning of urban ecosystems and for exploring the consequences of various ecosystem change scenarios. 
A variety of techniques have attempted to quantify the flux of exchange and the contribution of ecosystems to 
economic activity. As an indicator of the distance from thermodynamic equilibrium, exergy provides a unified 
measure of various forms of materials and energy carriers, and thus qualified as a basic medium to qualify 
ecological networks of exchange. It can capture various quality aspects of streams as indicated by their mass, energy, 
concentration, velocity and location. Thus, exergy can characterize both mass and energy streams, and is the truly 
limiting resource on this planet [18-20]. The application of the exergy method for a society was to account for the 
use and conversion of natural resources including both energy carriers and materials was introduced by Wall (1977) 
and carried out for many countries [18,21-25]. Extended Exergy Accounting (EEA) proposed by Sciubba determines 
cumulative exergy consumption associated with not only raw material inputs but also labor and capital inputs and 
non-energetic externalities [26,27]. Money can also provide a common currency by using economic valuation 
methods to capture the contribution of ecosystems [28]. The proposed thermodynamic approach is not meant to 
replace, but to complement an economic approach. 
Our objectives in this study were (1) based upon the division of urban society sectors and accounting of EEA flux 
[26], we wanted to construct an urban metabolism network models without regard to the bank system and 
government; (2) use of EEA data of original works listed in the references enables to do an urban ecosystem 
network analysis in the case study of Beijing. It may present an initial diagnosis of urban metabolism structure and 
sectoral correlation on urban scale. 
2. Methodology 
2.1. The urban metabolism network model 
Different from other countries, the whole urban administrative region in China covers both the central urban 
districts and the counties under the jurisdiction, which were considered in practice of our analysis and comparisons. 
At the urban level, the system is divided into seven sub-systems, following Wall’s and Sciubba’s approaches. A 
typical systems diagram can be shown in Figure 1. The urban system is divided , including: (a) Extraction (Ex), 
including mining and quarrying, oil refining and processing, and the inflow of energy carriers from the external 
environment; (b) Conversion (Co), comprising heat and power plants; (c) Agriculture (Ag), including harvest, 
forestry, fishery, and food processing; (d) Industry (In), manufacturing industry except food industry and oil 
refineries; (e) Transportation services (Tr); (f) Tertiary sector (Te), including construction and other services; (g) 
Domestic sector (Do), households. The domestic sector has changed from a final consumption to an important labor 
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exergy inflow transferring to other sectors. In this systems diagram, the market which lies between the inner city and 
external environment offers capital flows acted as the properties analogous of energy and service [29] to increase the 
connectedness between urban sections. In this study, the market would not be considered as an independent 
department. 
To quantify the network, flows of the chosen exergy into and out of each compartment should be determined. 
The input fluxes include imports from abroad (resources such as resources such as primary and secondary fuels, 
electricity, ores, products, etc) and free local resources (natural resources such as agricultural products, livestock, 
wood, etc), which are combined in the pathway crossing the system boundary and in the system respectively. The 
yield (products and services, etc) and exergy loss are represented by the pathway to the other sectors and the 
environment. 
An ecosystem networks described by the direct flow matrix, F, which includes all flows between n-compartments 
inside a system but does not include relations between compartments and the environment. We denote flows 
between compartments via fij (oriented from columns to rows such that fij is a flow from j to i). Then due to 
additivity of exergy, the exergy balance model for each node can be expressed as: 
, , , , 0
j i j i
a i e i ij a i ji Loss i
j j
IE N f OE f E
z z
      ¦ ¦ ,                                           (1) 
where IEa,i/OEa,i is the imports and exports from/to abroad, Ne,i is the free local resources into the ith node, fij (fji) is 
the input and output from (to) other sectors, ELoss,i is the exergy loss of the ith node. The general balancing procedure 
we employ a balancing in which a matrix comprising elements for the exchanges among nodes, local input, imports, 
exports and loss. 
In this work, the numerical exergy values of energetic fluxes are calculated in formulation of related literatures 
[27,30,31]. 
2.2. Extended exergy-based urban metabolism network assessment 
To illustrate different aspects of urban metabolism, we may define several indices, with reference to those 
original ecological network parameters [14,32-36], as follows: 
2.2.1. Utility analysis 
The methodology for network utility analysis is described in following literatures [34,36], which gives us a direct 
net flow matrix D=D(F) based on the steady net flows between compartments normalized by the compartmental 
throughflow such that 
 , 1, ,ij jiij
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. In addition to the direct relations proceed directly between 
two compartments. The integral utility matrix U, which describes the contribution of all direct and indirect relations, 
is found by summing all powers of D: 
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The result is useful because the signs of U provide the integral relations between network nodes (which may vary 
form the direct relations) and the overall sign comparisons classify the network according to the degree of 
mutualism. We calculate a utility function J(F) as a share of positive relations in sign(U). 
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where S+(F) is the number of all positive relations, and S–(F) is all negative relations in matrix U(F). Thus, J(F) 
characterizes the ratio between the number of all positive and all negative relations. We consider J(F) as a goal 
function relate to network mutualism in the energy system [34]. When J(F)>1 mutualism occurs, indicating that the 
system overall has more positive relations than negative ones. 
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Fig. 1. Systems diagram for urban metabolism network model 
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2.2.2. Structure analysis 
Couples in the prolonged group reported increased companionship to a lesser extent and remained more active 
with the network [37]. Node couple degree (CDij) is defined as: 
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 measures the contribution that i-th node makes to the whole network system. 
 
2.2.3. Impact analysis 
Total environmental burden (e) can be determined as the total external outputs associated with economic output 
by adding the environmental emissions. Total environmental burden is defined as: 
  1e R I D F    ,                                                                              (7) 
where, R is a vector of environmental burden coefficients wherein Ri is the environmental burden output of sector i. 
Equation 7 captures how emissions from different sectors change in response to any change in their economic 
activity. The higher the ratio, the greater the stress on the local sector. 
 
2.3. Case study 
Located on the northeastern side of China, Beijing is characterized by more than 400 years of cultural mixture 
between the Western world and China (39ºN and 116ºE). It covers an area of 16807.8 km2 and has a population of 
15 million in 2004 [38]. Beijing is China's second largest city, after Shanghai, and is also a major transportation hub, 
with dozens of railways, roads and motorways passing through the city. Recognized as the political, educational, and 
cultural center of China, Beijing has a fully integrated industrial structure, covering electronics, machinery, 
chemicals, light industry, textile and car manufacturing. Beijing is amongst the most developed cities in China with 
tertiary industry accounting for 71.3% of its GDP, making it the first post industrial city in mainland China. Beijing 
is a typical city which shares the same characteristics with most metropolitan regions in China, however, it also 
confronted with many obstacles including resource limitation, environmental pollution and industrial structure 
hugeness. Hence, more attention should be turned to metabolism structure, function and impact of the urban 
socioeconomic system. 
 
3. Results 
Examination of various aspects of the Beijing ecosystem includes a discussion of Beijing’s exergy utilization 
efficiency, urban system structure and environmental impact, which together lend integrative insight to the urban 
network system. 
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3.1. Utility analysis 
Using the flow matrix F, we build the direct normalized flow matrix D and sign (D) matrix. Sign (D) is given by 
 
0
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Comparing across diagonal elements gives the direct relationship type between any two compartments, e.g., 
(sd21, sd12) = (–, +) ĺ exploited; (sd43, sd34) = (+, –) ĺ exploitation; (sd64, sd46) = (0, 0) ĺ neutralism. In other 
words, based on direct flows, Ex- is losing flow to Co-sector; In- is gaining net flow from Ag-sector; and, Tr-sector 
and In have no direct exchange. sD matrix reveals Ex-, Co- and Do-sector are pure exporter in direct relationship 
which is consistent with the fact. sD matrix has an equal number of positive and negative signs, since all flow 
transactions are conservative or zero-sum. The integral utility matrix for the model-generated data computes form 
the infinite power series of D. Sign (U) is given by 
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. 
There are several important items to note form sign (U). First, all the matrix elements of U are non-zero meaning 
that all nodes have a relation with each other at least indirectly. Second, some direct relations have changed when 
considering the entire network of interactions. For example, (su32, su23) = (–, –) ĺ competition ĺ Co- and Ag-
sector are competitors; and, (su53, su35) = (–, +) ĺ exploited ĺ Te- is exploited by Ag-sector. Third, the integral 
relations need not be zero-sum. Overall there are 8 competitive relations (Co- and Ag-, Co- and In-, Ag- and In-, Co- 
and Tr-, Ag- and Tr-, In- and Tr-, Te- and Tr-, In- and Do-) and only two mutualistic ones (between Ex- and Te-, 
and Co- and Te-). Here there are 22 positive signs and 27 negative signs, so in fact it is a highly competitive network. 
3.2. Structure analysis 
The couple degree (CD) indicator measures the structural trade intensity of the system. In table 1, all the values 
of the CD are non-zero means all the sectors based on current division method lie on a huge social cyclic route. 
Some node couple degrees, such as In- and Te-, In- and Do-, Te- and Do-sector, are higher, which reveals that there 
will inevitably be interference in these couples in Beijing. The developing degree of one sector could fluctuate the 
other one, even lead the system collapse. The Do- and Ag-sector are the major controlling factors. 
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Table 1.  Node couple degree of urban metabolism network 
 Ex Co Ag In Te Tr Do 
Ex - - - - - - - 
Co 0.14 - - - - - - 
Ag 0.19 0.16 - - - - - 
In 0.64 0.63 1.38 - - - - 
Te 0.47 0.56 1.31 4.85 - - - 
Tr 0.18 0.12 0.22 0.88 0.84 - - 
Do 1.47 0.94 1.65 4.40 3.44 1.86 - 
3.3. Impact analysis 
Environmental implications of the seven sectors were not only determined by net emissions. Along the results 
presented in Figure 2, other attributes such as the exergy flux of these sectors and structure of the society have also 
been considered based on the equation. Figure 2 shows a clear distinction between seven sectors, in which Do- and 
In-sector have the larger environmental burden (e = 10.91 and 8.45, respectively), whereas total environmental 
burdens in Ag- and Te-sector are low (e = 1.82 and 3.63, respectively). It is worth notice that the net emission of 
Ag-sector is zero. The results obtained in Figure 2 suggest that such correlation of emission may exist. These effects 
must be considered to make a more comprehensive appraisal of the sectors in urban ecosystem systems. 
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Fig. 2.  Comparison of total environmental burdens 
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4. Conclusions 
To provide an effective avenue to evaluate the capacity of the urban metabolism, we combine with network 
analysis to integrate indicators of metabolic utility, structure and environmental impact. Based on the account of the 
extended exergy utilization in the society of Beijing, which is considered as the composition of extraction, 
conversion, agriculture, industry, transportation, tertiary and households sectors, an urban metabolism network 
models are constructed to gain insights into the metabolic processes that orient to sustainable urban development.  
All the results provide information for policy making, that are valid also from the sustainable point of view in 
seven sectors of Beijing. Our analysis indicates that Beijing, as a city with a "large and complete" structure, depends 
on the larger external systems surrounding the city which can supply resources and services that are lacking within 
the city. It will be necessary to strengthen the urban metabolic functions described in our model in such a way that 
the impact on the environment can be significantly reduced, thereafter providing more specific guidance on how to 
develop ecologically sustainable cities. 
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